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Abstract The Madden-Julian oscillation (MJO) is the leading mode of tropical intraseasonal variability,
having profound impacts on many weather and climate phenomena across the tropics and extratropics.
Previous studies using a limited number of models have suggested complex changes in MJO activity in a
warmer climate. While most studies have argued that MJO precipitation amplitude will increase in a future
warmer climate, others note that this is not necessarily the case for MJO wind variability. This distinction is
important since MJO wind fluctuations are responsible for producing remote impacts on extreme weather
through teleconnections. In this study, we examine projected changes of MJO precipitation and wind
variance at the end of the 21st century in Representative Concentration Pathway 8.5 using the multimodel
Coupled Model Intercomparison Project phase 5 data set. Under global warming, most models show an
increase in MJO band precipitation variance, while wind variability decreases. The discrepancy between MJO
precipitation and wind variance changes under global warming is shown to be due to increases in tropical
static stability in a warmer climate. The multimodel mean shows a 20% increase in both the 500-hPa
vertical tropical dry static energy gradient and the ratio of intraseasonal precipitation to 500 hPa omega
fluctuations, consistent with scaling by weak temperature gradient theory. These results imply that tropical
static stability increases may weaken the MJO's ability to influence extreme events in future warmer climate
by weakening wind teleconnections, even though MJO precipitation amplitude may increase.

Plain Language Summary The Madden-Julian oscillation has profound impacts on weather and
climate phenomena over the tropical and extratropical regions, including a modulation of atmospheric
rivers, hurricanes, and atmospheric blocking. We can currently exploit knowledge of the MJO to predict such
phenomena several weeks in advance. Therefore, understanding how the MJO may change under global
warming is important to understanding its future impacts and for prediction. In this manuscript, we show
how MJO precipitation and wind variance change at the end of the 21st Century under global warming
(RCP8.5) using the CMIP5 multi-model dataset. We derive the interesting result that global warming enhances
MJO precipitation amplitude while weakening the MJO circulation. This result is important, as MJO
teleconnections to other parts of the world are mediated by the circulation response, and our results suggest
that MJO impacts on atmospheric rivers, hurricanes, and other extreme events may become less predictable
in a future warmer climate due to the weakened circulation. We also physically explain our results by
relating weaker circulations to the increase in the vertical dry static energy gradient in a warmer climate.

1. Introduction

The Madden-Julian Oscillation (MJO) is the dominant mode of tropical intraseasonal variability (Madden &
Julian, 1971, 1972; Zhang, 2005, 2013). Understanding how MJO activity may change in a future warmer
climate is important because of the profound impacts that the MJO has on various parts of the globe. MJO
activity can modulate the mean climate state (Sardeshmukh & Sura, 2007), the onset and break of monsoon
systems (Lau & Waliser, 2012), the formation of tropical storms (e.g., Maloney & Hartmann, 2000), the initiation
of El Nifo events (e.g., Hendon et al.,, 2007), tropical-extratropical interactions and extreme events in the
extratropics (Baggett et al., 2017; Cassou, 2008; Henderson et al., 2017; Mundhenk et al., 2018), and the deep
ocean (Matthews et al., 2007). Many of these effects result from wind variability associated with the MJO, and
hence the ability to produce and predict the MJO-induced modulation of these various phenomena depends
upon the ability of the MJO to produce robust wind variability (e.g., Mundhenk et al., 2018).

Global warming-induced variations in the MJO have been studied in both historical climate records (Jones &
Carvalho, 2006; Slingo et al., 1999) and numerical simulations ranging from idealized aquaplanet models (e.g.,
Maloney et al., 2010) to fully coupled global climate models (GCMs; Adames et al.,, 2017a; Arnold et al,, 2015;
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Subramanian et al., 2014). Most (but not all) previous studies have reported an increase in the MJO precipita-
tion variability in a warmer climate (Adames et al, 2017a; Arnold et al.,, 2015; Carlson & Caballero, 2016;
Schubert et al., 2013; Subramanian et al., 2014). Under global warming, increased lower-tropospheric water
vapor due to increased surface temperature results in an increase of MJO precipitation amplitude of more
than 9.5%/K (Arnold et al., 2015). These precipitation increases are consistent with decreases in gross moist
stability of the tropical atmosphere or related quantities (Adames et al., 2017b; Arnold et al., 2015; Wolding
et al, 2017). However, changes in MJO wind variability do not necessarily change in the same way
(Adames et al., 2017a; Wolding et al,, 2017). For example, Maloney and Xie (2013) studied changes in MJO
activity in an aquaplanet model for different sea surface temperature (SST) warming patterns. They found
that MJO precipitation changes in future climate are highly sensitive to the pattern of SST warming and
MJO wind variance changes can be predicted based on the precipitation variance changes if static stability
increases are considered and a weak temperature gradient scaling is used (e.g., Sobel & Bretherton, 2000).
The analysis of Maloney and Xie (2013) assumed a first baroclinic mode structure to the MJO that is also
assumed in this manuscript. More recently, Wolding et al. (2017) documented an increase of MJO precipita-
tion variability and a decrease of MJO wind variability when analyzing control versus 4xCO, simulations of the
superparameterized Community Earth System Model. A similar result was found in the Goddard Institute for
Space Studies model (Adames et al., 2017a). Chang et al. (2015) analyzed historical and Representative
Concentration Pathway 8.5 (RCP8.5) simulations of the ECHAMS5-SIT model and showed that the amplitude
of MJO precipitation variability increases by about 17% in the future while zonal wind variability changes
insignificantly. The studies above were conducted with a limited set of models, and there has not yet been
a detailed mechanistic study using a multimodel data set to investigate the covariability in global
warming-induced MJO precipitation and wind variance changes.

The differing changes in MJO precipitation and wind variance suggested by the previous studies have
parallels to those associated with the mean tropical climate, as tropical static stability changes mediate time
mean dry static energy (DSE) transports into or out of the convective regions (Su & Neelin, 2003). In
particular, Knutson and Manabe (1995) show using a coupled ocean-atmosphere model in response to
quadrupling of CO, that time-mean vertical motion in tropical convective regions is reduced slightly even
though precipitation amplitude is increased by 15% due to the increase of static stability. Similar arguments
on the weakening of the tropical convective mass flux were derived by Held and Soden (2006) and
Vecchi and Soden (2007) that reconciled boundary layer moisture increases and more modest
precipitation increases in response to changes in the global mean surface radiation budget under global
warming conditions.

Previous studies largely analyzed simplified models, a single GCM, or imperfect analogues to global warming
in the observational record to examine the influence of global warming on the MJO (e.g., see the discussion in
Maloney & Xie, 2013). In this paper, we will examine how MJO precipitation and wind variability change at the
end of the 21st century in RCP8.5 using the multimodel data set from Coupled Model Intercomparison Project
phase 5 (CMIP5, Taylor et al,, 2012). In particular, CMIP5 allows us to re-examine with a broader set of models
the hypothesis that MJO precipitation and circulation variance changes in future climate are mediated by
changes in tropical static stability as predicted by weak temperature gradient theory (e.g., Maloney & Xie,
2013; Wolding et al,, 2017). We will indeed show below that changes in the vertical DSE gradient in a warmer
climate are a first order contribution to the relative change in strength of MJO precipitation and wind anoma-
lies in a future warmer climate.

2, Data and Methodology

To examine changes in MJO band precipitation and wind variance, 21st century simulations from the World
Climate Research Programme’s CMIP5 (Taylor et al., 2012) multimodel data set for RCP8.5 are used. Based on
the study of Henderson et al. (2017), only six models with high MJO simulation skill are used (Table 1). Daily
mean fields during the historical forcing period of 1986 to 2005 are used to assess MJO activity in current cli-
mate and are compared to the time period 2081 to 2100 from RCP8.5. The change in midtroposphere DSE
gradient is used to interpret the relative change in MJO precipitation and wind variance. To calculate this
change, we use monthly mean fields in place of daily ones for higher vertical resolution (Figures 3 and 4).
We only focus on oceanic regions of the tropics in this study to avoid complications of interpretation
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Table 1
A List of the Six Models With Relatively Good MJO Performance From CMIP5 Used in This Study
Model Description Resolution
BCC-CSM1-1 Beijing Climate Center, China 2.8° % 2.8°
CNRM-CM5 Centre National de Recherches Météorologiques, France 14° % 1.4°
GFDL-CM3 NOAA/Geophysical Fluid Dynamics Laboratory 2.0° x 2.5°
MIROC5 Atmosphere and Ocean Research Institute, National Institute for Environmental Studies, and JAMSTEC, Japan 1.4°x 1.4°
MRI-CGCM3 Meteorological Research Institute, Japan 1.1°x 1.1°
NorESM1-M Norwegian Climate Centre, Norway 1.9° % 2.5°

(a) Premp (Hlst)

caused by topography in calculating static stability and how it modulates the diabatic heating-wind
relationship through weak temperature gradient theory.

All data except for those used in the static stability climatology were first band-pass filtered to 30-90 days to
retain timescales characteristic of the MJO band. Boreal winter (November to April) intraseasonal variability is
defined by analyzing the variance and standard deviation of band-pass filtered data. Global warming-
induced changes of all variables used in the analysis are normalized by the corresponding climatological
mean (average of historical and global warming simulations) before taking the domain average.

3. Results
3.1. Basic Assessment of Wind and Precipitation Variability Changes

Figures 1a, 1¢, and 1e show the multimodel mean MJO band precipitation, 850-hPa zonal wind, and 500 hPa
omega variance over the tropical oceans during boreal winter in the historical simulations. Large MJO preci-
pitation variance is found in the western Pacific and Indian Oceans, resembling the observed variance distri-
bution as well as the climatological mean precipitation pattern (see Waliser et al., 2009 and Figure S1a in the
supporting information). Under global warming, multimodel mean MJO precipitation variance increases in
most areas of the tropics relative to the control, consistent with previous individual modeling studies (e.g.,
Wolding et al., 2017). Increases are found not only in the western Pacific and Indian Oceans (Figure 1b) but
also in the central and east Pacific, consistent with the mean SST changes and the decrease of gross moist
stability in the tropical regions (see Benedict et al., 2014; Maloney & Xie, 2013; Xie et al.,, 2010). In isolation,
existing MJO convective regions would be expected to increase in precipitation variance through increased
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Figure 1. Spatial distribution of variance of 30-90 day filtered (a and b) precipitation (mm? dayiz), (c and d) 850 hPa zonal wind (m? s2), and (e and ) 500 hPa
omega (Pa2 572) for the historical simulation and difference between RCP8.5 and historical simulations, respectively. The value on the top-right corner of

(b), (d), and (f) shows the percentage changes averaged over the domain of 10°S-0, 90°E-180. We note that the precipitation, 850 hPa zonal wind and 500 hPa omega
variance change patterns shown here are dominated by two models (BCC-CSM1-1 and MRI-CGCM3), as indicated in Figures S2-S4.
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Figure 2. Differences in the 30- to 90-day standard deviation of precipitation (x-axis) and (a) 500 hPa omega and
(b) 850 hPa zonal wind in RCP8.5 relative to the historical simulation. All the values have been normalized by the average
between the historical and RCP8.5 simulations.

lower tropospheric moisture and decreased gross moist stability (e.g., Arnold et al., 2013; Chou et al., 2009),
although quantifying this behavior in the CMIP5 simulations we analyze is a topic of future work.

To compare the relative change in multimodel mean MJO-band precipitation to corresponding atmospheric
circulation changes, we first show the historical simulation pattern of the 850 hPa zonal wind and 500 hPa
omega variance (Figures 1c and 1e). As shown, their pattern distributions are broadly similar to that of
MJO precipitation variance, and also the distribution of wind variance in observations (Waliser et al., 2009).
However, under global warming, despite the increase in MJO precipitation variance, both the multimodel
mean zonal wind and omega variance show decreases over the Indo-Pacific warm pool, consistent with indi-
vidual model studies (e.g., Maloney & Xie, 2013; Wolding et al.,, 2017), and may be related to increases in static
stability in a warmer climate. MJO wind variance increases over the central and east Pacific, likely associated
with the further eastward extent of MJO activity in a warmer climate associated with El Nifo-like SST
warming there.

Now we examine the changes in MJO precipitation and wind/omega variability for each model averaged over
the southern warm pool region (10°S-0, 90°E-180), where MJO wind and precipitation variance maximizes
during boreal winter (Figure 1). Results shown below are not sensitive to the exact bounds used for this regio-
nal average. In Figure 2a, four of six models show increases in the standard deviation of 30- to 90-day preci-
pitation in a warmer climate relative to today. Changes range from a 10% decrease in precipitation amplitude
to about a 20% increase. While the multimodel mean increase in MJO precipitation amplitude is about 7%,
MJO precipitation amplitude can decrease in a future warmer climate in some models, contrary to expecta-
tions of previous studies with single GCMs. We note however that Maloney and Xie (2013) showed that pre-
cipitation variance changes in future climate are sensitive to the warming pattern, a result that could explain
some of this discrepancy, although we leave investigation of the sensitivity to warming pattern to future
work. The change in 500 hPa omega amplitude is also shown in Figure 23, indicating a sign of change not
necessarily consistent with that of precipitation change. Four of six models show decreases in omega varia-
bility at 500 hPa, for a multimodel decrease in amplitude of about 10%. Interestingly, changes in omega
amplitude relative to precipitation fall along a straight line with a slope near one, offset from the origin. If
the relationship between MJO wind and precipitation variability is regulated by weak temperature gradient
theory as suggested by Maloney and Xie (2013), omega and precipitation variability should be related in the
following way using the dominant thermodynamic balance (Sobel & Bretherton, 2000):
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where Q is apparent heat source that in the vertical integral is approximately proportional to precipitation in
convective regions, w is vertical velocity, and g—; is the vertical DSE gradient (s = ¢, T + gz, with T is temperature,
g is gravity, z is the height, and ¢, is specific heat of dry air at constant pressure). The primes term () denote
the standard deviation of the fields on the MJO timescales, while the bar@ denotes the climatological mean.
Changes among the terms in (1) from future to current climate (A) can be related in the following way (taking
advantage of the proportionality of Q and precipitation anomalies P in convective regions; Maloney & Xie,

2013):

> _AF__Ad (2)

For a line of slope 1 and identical static stability change across models, the fractional change in static stability
near 500 hPa would represent the x-intercept or opposite of the y-intercept in Figure 2a. This would suggest a
fractional static stability increase about 20% by the end of the 21st century, which is indeed what we calculate
below in Figure 4. However, the slope of the line in Figure 2 does differ a bit from one with modestly different
x-intercept and y-intercept, likely reflecting the difference in static stability changes (and climate sensitivities)
among models.

The 850 hPa zonal wind standard deviation changes shows a generally consistent result to that of 500 hPa
omega (Figure 2b), as would be expected through mass continuity under the assumption of a first baroclinic
mode (Maloney & Xie, 2013). We assume for this scale analysis that the MJO spatial scale remains invariant
under global warming. However, any MJO spatial scale changes would also be expected to affect the relation-
ship between 500 and 850 hPa horizontal wind changes and may contribute to the different least squares fit
slopes produced in Figures 2a and 2b (A. Adames, personal communication, May 31, 2018). However, we
leave further exploration of the impact of spatial scale changes to future work. In summary, under the global
warming scenario, the multimodel mean MJO precipitation amplitude tends to increase while MJO circulation
amplitude decreases, consistent with previous studies (Arnold et al,, 2015; Maloney & Xie, 2013; Wolding et al.,
2017), although these results do not generalize to individual models. The precipitation variance changes
appear to consistently scale with wind variance changes from model to model as mediated by changes in
tropical static stability.

We note that in addition to the analysis of broader intraseasonal variance shown above, we assessed variance
changes in a narrower MJO band centered on eastward zonal wave numbers 1-3 and frequencies of
30-90 days. After averaging fields between 0°S and 10°S, doing a decomposition in wave number-frequency
space for boreal winter, and then integrating variance in the MJO wave number and frequency bands, the mul-
timodel mean MJO precipitation amplitude increases by 20.9% in the RCP8.5 simulation relative to the control,
whereas the 850 hPa wind variance decreases by 1.1%. This result is consistent with the analysis of broader
variance discussed above, and holds despite increases in wind variance in the east Pacific in Figure 1d.

3.2. Predicting the Changes in Ratio of Precipitation to Wind Amplitude Based on Static Stability

We noted that the relationship between MJO wind amplitude changes and precipitation amplitude changes
in Figure 2 is offset from the origin, implying different rate of change between precipitation and wind ampli-
tude. We show here that the discrepancy between MJO precipitation and wind amplitude changes under
global warming can be explained by static stability changes.

The vertical structure of DSE change between the end of the 21st century and the historical period averaged
over the entire tropics from 20°S to 20°N is shown in Figure 3. Given the weak temperature gradient condi-
tions of the tropics, the vertical profile of DSE change is similar on a regional level. As expected, DSE increases
are greater in the upper troposphere versus the lower troposphere, consistent with moist adiabatic adjust-
ment setting the vertical thermal structure of the atmosphere (e.g., Knutson & Manabe, 1995). The vertical
DSE gradient is increased in the middle to upper troposphere between 400 and 600 hPa, consistent with
the level of maximum convective mass flux in models. As noted above, a more stable atmosphere will result
in weakening of the tropical mean atmospheric circulation although tropical precipitation increases (e.g.,
Held & Soden, 2006; Vecchi & Soden, 2007). We show below that static stability changes are also responsible
for MJO wind variance reductions in future climate relative to precipitation variance changes.
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Figure 3. Changes in vertical structure of (a) dry static energy (DSE) and (b) DSE gradient (ds/dp) relative to the historical
simulation over the tropical ocean (20°S-20°N). All the values have been normalized by the average of historical and RCP8.5
simulations.

Here we attempt to predict differences in the changes of ratio of MJO precipitation and wind anomalies
under global warming based on the changes of static stability. Using the dominant thermodynamic energy
balance (1), fractional changes in the ratio of P anomalies to omega anomalies in the middle troposphere
should scale with static stability changes:
y =
Az) _2(3)

(&) (&)
o op
Again, we represent precipitation, omega, and wind anomalies using the standard deviation of 30- to 90-day
band-pass filtered fields. Climatological static stability is averaged in the layer between 400 and 600 hPa

3)

(a)

(b)

0.5 0.5
+ BCC-CSM1-1 y=0.96x+0.01 + BCC—CSM1-1 y=0.99x-0.03
0.454 O CNRM-CM5 r=0.6 0454 O CNRM-CM5 r=0.71
GFDL-CM3 GFDL-CM3
0.4 [] MIROC5 0.4{ [J MIROC5
@ MRI-CGCM3 @ MRI-CGCM3
0.354 X NorESM1-M 0.354 X NorESM1-M
Mean Mean
a ] a ]
S 03 5 o3
> 05 o 025
ko) © O
0.2 + 0.2 +
< < o
X ] X
0.15 ® 0.15
0.1 0.1
0.05 1 0.05 1

A

P /w500

0 T T T T T T T T T
0 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0 T T T T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

a P/u850

Figure 4. RCP8.5 fractional differences relative to the historical simulation in the dry static energy (DSE) gradient averaged
from 400 to 600 hPa (y-axis) and the ratio of the standard deviations of 30-90 day precipitations anomalies and a 500 hPa
omega anomalies and b 850 hPa zonal wind anomalies (x-axis). All the values have been normalized by the average

between historical and RCP8.5 simulations.
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(average of the RCP8.5 and historical simulations). Figure 4 shows the fractional change in static stability
versus the fractional change in the ratio of precipitation standard deviation anomalies to 500 hPa omega
standard deviation anomalies (Figure 4a) and 850 hPa zonal wind standard deviation anomalies

0s
(Figure 4b). The » increase varies from about 12% to 30% in RCP8.5 relative to historical, with a multimodel

mean increase of about 20%, consistent with the discussion of Figure 2. The multimodel mean change in the
ratio of precipitation to omega anomalies is reasonably well predicted by static stability changes. If the theory
is correct, there should be a one-to-one relationship between fractional changes in static stability and the
ratio of precipitation to omega standard deviation anomalies among models. This is generally true to first
order with models in Figure 4a clustering around the line of slope 1, although there is some scatter in this
relationship suggesting that other factors exercise influence on this ratio. Similar changes in the ratio
between precipitation and 850 hPa zonal wind anomalies and the DSE gradient change are also found
(Figure 4b). In general, the relative change of precipitation and wind MJO variance in warmer climate is
shown to be sensitive to the vertical structure of temperature and static stability changes, consistent with
the results of Maloney and Xie (2013) and Wolding et al. (2017).

4. Concluding Remarks

Predicting precipitation and circulation changes in a future climate is a challenging task owing to the
difficulty that general circulation models have at simulating interactions between convection and the
large-scale circulation, for example, the simulation of MJO. Here we use six CMIP5 models with high MJO
simulation skill (Henderson et al.,, 2017) to study how MJO precipitation and wind variability is projected to
change at the end of the 21st century relative to today under RCP8.5. Compared to previous studies that have
used simplified models or individual GCM to study MJO changes in a warmer climate, our current study is the
first to assess precipitation and wind variances changes under global warming and assess physical reasons for
the different changes in wind versus precipitation variability in a multimodel data set. Our main results are
summarized as follow:

1. Under global warming in RCP8.5, the CMIP5 multimodel mean shows a 7% increase in MJO-band precipi-
tation variance and a 10% decrease in its corresponding wind variance (Figures 1 and 2). This is consistent
with some previous results from individual models (e.g., Adames et al., 2017a; Wolding et al., 2017)

2. Substantial differences in MJO wind and precipitation variance changes occur among models in response
to warming, although most exhibit an increase in MJO precipitation variance with a decrease in MJO wind
variance. Even if not negative, MJO wind variance changes are always less than the MJO precipitation var-
iance change (Figure 2).

3. The differences in amplitudes of MJO precipitation and wind amplitude changes for both the multimodel
mean and for individual models can be explained/predicted based on the change of the tropical vertical
DSE gradient under global warming, consistent with the weak temperature gradient theory (Figure 4).

These results suggest that the impact of MJO on many weather and climate phenomena in a future climate
may weaken due to weaker large-scale circulations, including the ability to predict such phenomena. While
the current study focuses on the MJO, the results imply a similar weakening of wind anomalies relative to pre-
cipitation anomalies during ENSO events in a warming climate. Future work will examine whether MJO tele-
connections to higher latitudes weaken in the majority of CMIP5 models in response to climate warming,
including effects on extreme events such as atmospheric rivers (e.g., Baggett et al., 2017). MJO teleconnec-
tions to other parts of the tropics such as the east Pacific and Atlantic where the MJO modulates tropical
cyclone activity may also change in strength (e.g., Maloney & Hartmann, 2000). There may be conflicting
effects from MJO variance shifting eastward in a warmer climate toward the east Pacific and Atlantic (e.g.,
Figure 1) versus MJO wind circulations decrease in strength. We are also interested in explaining the differ-
ences in MJO precipitation amplitude change from model to model associated with the changes in vertical
structure of convection, for example, deep and shallow convection. Such studies are currently being done
and will be published in forthcoming papers.
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